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Due to its complexity, coal gasification is perhaps one industry’s least understood processes. This is 
despite the fact that this process is critical to countries such as South Africa, as it is responsible for pro¬ 
ducing a large portion of the country’s fuel needs through the Fischer-Tropsch process. Worldwide, this 
process has also become critical for applications such as IGCC, for the production of electricity. It is 
because of this importance that it is necessary to better understand this process. Another motivating fac¬ 
tor is that gasifiers are very expensive and are big energy consumers as well as being large carbon dioxide 
producers. 

Much experimental work has been done in the area of gasification, but this can be very expensive and is 
time consuming. It is with this in mind, that we have developed a quick, relatively simple and yet very 
powerful graphical tool to assess and better understand gasification and to use this tool to look for oppor¬ 
tunities to improve efficiencies of process and to reduce carbon dioxide emissions. 

The approach used here is to make a few reasonable assumptions to set up mass balances; the energy 
balance and reaction equilibria around a coal gasifier. This paper deals with how these balances can be set 
up; it also looks at what effect the feed composition and choice of reaction conditions (temperature and 
pressure), may have on the possible gasifier product. 

The result of this approach shows that we can work in a stoichiometric subspace defined by the energy 
and mass balance. Furthermore we can show that gasification is energy and not work limited which has 
implications for the design and operation of these units. 

© 2010 Elsevier Ltd. All rights reserved. 


1. Introduction 

A common factor in models that look at predicting or analysing 
gasification is that they usually require some kind of experimental 
result or access to thermodynamic databases to accurately predict 
the behaviour of a gasifier. Also common among these is that they 
all make assumptions regarding the reactions that occur in a 
gasifier. 

Zainal et al. [2] have selected one reaction resulting from the 
combination of the Boudouard equilibrium and heterogeneous 
water gas shift reaction and the hydrogenating gasification as the 
main gasification reactions, while Schuster et al. [3] have selected 
the water gas shift reaction along with the methane decomposition 
reaction. 

According to the thermodynamic theory of independent reac¬ 
tion selection, there is no significant difference between the above 
reported models [5], The only point that differentiates the equilib¬ 
rium reactions is that the methane decomposition reaction is fa¬ 
voured in the case of steam gasification (high feed moisture 
content) and not in the case of the conventional gasification pro- 
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cess. This paper uses a similar approach in selecting independent 
reactions that can occur in a coal gasifier. 

Various people have developed models for gasification and one 
of the more significant ones is the GasifEq equilibrium model 
developed by Mountouris et al. [11,12] and applied to the plasma 
gasification of sewage sludge. The model includes the energy sup¬ 
plied to the main section of the plasma gasification process (elec¬ 
tricity), the formation of the basic gasification gaseous products 
and the possibility of some remaining solid carbon. 

The model also uses the mass balance and energy balance 
around a gasifier, which is a concept that has been used extensively 
in this paper. Crucial to their model is the use of recent thermody¬ 
namic data which also considers the possibility for soot formation, 
as a solid carbon by-product. The GasifEq model also has the capa¬ 
bility of energy and exergy calculations that are required for the 
optimization of such processes. Instead of exergy, in this paper 
we use the idea of a work balance as developed by Patel et al. [ 1 ] 
to better understand the energetic performance of a gasifier. 

Prins [4] chooses three main reactions in the gasifier and these 
are the methane decomposition reaction, the Boudouard reaction 
and the heterogeneous gasification reaction. The energy conver¬ 
sion process studied is shown in a triangular C-H-0 diagram as 
shown in Fig. 1 below. 
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Mol % 0 

Fig. 1. Molar triangular diagram indicating (A) biomass feed, (B) biomass in 
equilibrium with air at carbon boundary and (C) biomass in equilibrium with steam 
of 500 K at carbon boundary. 


The composition at any point in the diagram can be computed 
at a given temperature and pressure by calculation of the gas phase 
compositions in equilibrium with solid carbon (graphite). 

In the triangular diagram, several lines are shown, the so-called 
carbon deposition boundaries. Above the solid carbon boundary, 
solid carbon exists in heterogeneous equilibrium with gaseous 
components, while below the carbon boundary no solid carbon is 
present. Most hydrocarbon fuels are located above the carbon 
boundary, which means that if these fuels are brought to chemical 
equilibrium, solid carbon is formed. This implies that in order to 
avoid solid carbon formation and achieve complete gasification, 
oxygen and/or hydrogen must be added. Oxygen and hydrogen 
sources are H 2 , H 2 0, 0 2 , air or C0 2 . 

Mountouris et al. also present a ternary map that represents the 
carbon deposition in a gasifier; we represent this in a stoichiome¬ 
tric subspace defined by the energy and mass balance. 

An important point in the modelling procedure of gasifiers is 
whether equilibrium is reached in the gasification process, i.e. 
whether the operating conditions allow the chemical reactions to 
reach an equilibrium state. As far as the gasification temperature 
is concerned, it is stated that equilibrium is not achieved when 
the gasification temperature is sufficiently below 800 °C (common 
gasifiers), while it is reached for higher temperatures like those of 
plasma gasification [6,7], 

Regarding the other crucial factor relevant to an equilibrium 
state, that is the residence time, Prins et al. [8] reported that 
for air gasification, the residence time is sufficiently long 
and equilibrium is well verified, while for steam gasification, 
equilibrium may not be reached due to the lower operating 
temperatures. 

In addition, Calaminus and Stahlberg [9], based on experimental 
facts, stated that during gasification in the Thermoselect plant, the 
residence times for the gas phase and also for the molten phases 
are sufficient for equilibrium to be attained, i.e. for the solids it is 
about 1-2 h and for the gas phase 2-4 s at about 1200 °C. 

Chen et al. [10] presented that in such processes, a significant 
increase of gas yield is noted between 2 and 3 s (as a result of a 
tar cracking reaction), and after that time period, equilibrium is as¬ 
sumed to be attained. 

Consequently, in this work we have studied gasification based 
on equilibrium terms in order to describe the process and to pres¬ 
ent its energetic performance in relevance to the main operational 
parameters, e.g. moisture, oxygen, pressure and temperature. 

The heart of this work lies in the use of fundamental mass bal¬ 
ances, energy balance and thermodynamic properties to define a 


stoichiometric space, within which we can attempt to better 
understand, operate and optimize gasification processes. 

The approach that we follow in this paper is to initially simplify 
the description of the fundamental processes occurring in gasifica¬ 
tion as far as possible and to later add other phenomena and vari¬ 
ables to cater for a more detailed description where and when 
necessary. 


2. The mass balance 

2.1. Degrees of freedom for the mass balance: defining the independent 
mass balances 

It is known that there are a large number of reactions that can 
occur in a gasifier but we will look at the most important of these 
in terms of mass, heat and work flows. 

In terms of the mass balance, the major species in the gasifier in 
the feed stream are C, 0 2 and H 2 0, while the major species in the 
product streams are C0 2 , CO, H 2 and H 2 0. If we analyse the system 
we see that we have three degrees of freedom and thus we require 
three independent mass balances to relate the gasifier inputs and 
outputs. 

These three mass balances do not need to describe the actual 
chemistry or reactions occurring in the gasifier but are merely 
mathematical descriptions. In essence the mass balances we 
choose are independent dimensions of the stoichiometric subspace 
and are a convenient way of relating inputs and outputs from the 
gasifier. 

The first independent mass balance we consider is the combus¬ 
tion reaction, namely: 

(i) C+0 2 = C0 2 

We assume that coal is pure carbon (which is a not particularly 
good assumption), but we can adapt this description if we have a 
chemical analysis of a specific coal. We can reasonably assume that 
this reaction goes nearly to completion and provides the energy 
necessary for the other gasification reactions. Thus the extent of 
this reaction is essentially equal to the amount of 0 2 that is fed 
to the gasifier. 

The second independent mass balance we use is a gasification 
reaction, that is: 

(ii) C + H 2 0 = C0 + H 2 ...e 1 

This reaction may not occur to completion and we define the 
extent of the reaction/mass balance to be £i. 

The third and final independent mass balance is the water gas 
shift reaction or: 


(iii) CO + H 2 0 = C0 2 + H 2 ... e 2 


This reaction will also not occur to completion and we define 
the extent of this reaction to be e 2 . 

Although we have three independent reactions and hence a 
three dimensional mass balance space, we have by the assumption 
that the first reaction, the combustion reaction, goes to comple¬ 
tion; effectively reduced the dimension of the space that we work 
into a two dimensional space. 

The other reactions that will be considered are: 

(iv) 2CO = C + C0 2 

(v) CO + H 2 =c + h 2 o 

(vi) C0 2 + 2H 2 = C + 2H 2 0 

(vii) CO + 3H 2 = CH4 + H 2 0 









L. Ngubevana et al./Energy Conversion and Management 52 (2011) 547-563 


549 


(viii) C0 2 + 4H 2 = CH 4 + 2H 2 0 

Hence we can represent all outputs for the gasifier for a given 
feed in a two dimensional space and in this way we are able to 
use a graphical approach and visualize the set of all possible out¬ 
puts from a gasifier. 

2.2. Defining the set of all possible outputs from the gasifier: The mass 
balance space 

The reactions in the gasifier occur in many different combina¬ 
tions and amounts. However we are limited by the constraint that 
all the reactions must occur so that the compositions of all species 
in the gasifier must always be positive. 

We will consider a continuous gasifier and we will define the 
feed to the gasifier to be Nq 2 moles per time of oxygen, N° moles 
of carbon per time and N„ 20 moles of water or steam. In the case 
of a batch gasifier, these would be number of moles rather than 
molar flowrate. 

We now consider our first reaction, namely combustion and say 
that as the reaction goes to completion, we can consider from the 
mass balance point of view that the oxygen in the feed is converted 
to carbon dioxide and that this could be considered as a carbon 
dioxide feed to the gasifier, or: 

N°co 2 =< 2 (2-1) 

We can now write the conditions that will ensure that the molar 
flowrate of all the species in the gasifier remain constant. 

2.2.1. CO mole balance 

Assuming that no CO is fed into the gasifier we can say that: 
N co = 6i - 6 2 » 0 (2.2) 

If we graphically represent Eq. (2.2), we can see that it is a 
straight line in the ei-e 2 space, where the slope is 1 and the inter¬ 
cept is at zero and this can be seen in Fig. 2.1. Note that Eq. (2.2) 
has been plotted for the case where N co = 0. 

There are a few things to point out from this result and those 
are: 

(a) The slope of the line is fixed and does not depend on the feed 
composition. 

(b) Only points that lie below the line correspond to positive 
moles of CO and if we operate the gasifier on or very close 
to this line we then run out of CO. 

(c) The further away we are from the N C o = 0 line, the more CO 
we have and that means that the dominant reaction away 
from this line is reaction (ii). 



2.2.2. Other mole balances 

We now look at the remaining components in our defined sys¬ 
tem and in a similar way write balance for the other major species 
in the gasifier. 

Nh 2 = £i + e 2 > 0 (2.3) 

Nco 2 =N° c 02 + £ 2 >0 (2.4) 

Nh 2 o = N ° 20 - ei - e 2 > 0 (2.5) 

If we apply the sample principle to the other components we 
have as a result, Eqs. (29)-(31). 

We have then plotted these on Fig. 2.2 for a feed of N% 2 = 1, 
Nj 20 = 1 and assuming that the coal (carbon) is not limiting. 

We can then summarise the result as follows: 

(i) For Eq. (2.3), only points that lie above the N H2 = 0 line cor¬ 
respond to positive moles of H 2 and the further away we are 
from this line, the more H 2 we produce (reaction (ii) is dom¬ 
inant again and maybe reaction (iii) as well but this we will 
explore later). 

(ii) Similarly for Eq. (2.4), only points that lie above the N c o 2 = 0 
line correspond to positive moles of C0 2 . The result of Eq. 
(2.4), also tells us that the further you are away from the 
N C o 2 = 0 line, the more C0 2 you have in the system. This 
seems to suggest that Eq. (iii) is dominant, and this would 
mean that we have less CO in the system. 

(iii) When we look at the previous results however, this leads us 
to conclude that quite clearly, reaction (ii) and reaction (iii) 
are competing. In summary, the more CO you produce, the 
less C0 2 you produce. 

(iv) For Eq. (2.5), we can conclude that only points that lie below 
the Nh 2 o = 0 line, will correspond to positive moles of H 2 0 
and that the further we are from this line the more water 
we will produce. 

We can therefore come to the conclusion that the mass balance 
tells us that the gasification process will only occur within the 
shaded region A. Any composition that falls outside of this region 
is not possible, as this would mean negative composition for one 
or more of the components, which is physically not possible. 

This operating region also tells us that if for example we want to 
design a gasifier that produces as much C0 2 as possible, we would 
have to operate as close to the N co = 0 and the N H2 o = 0 lines as we 
can in the si-s 2 space (Point X on Fig. 2.2). 

If we want to produce syngas that is rich in CO and H 2 , we need 
to operate as close to the N c o 2 = 0 and the N Hl o = 0 lines as possible 
(Point Y on Fig. 2.2). This may however be limited by the energy 
balance or reaction equilibrium, as we will see later. 



Fig. 2.2. Mass balance region for a feed of Nq 2 = 1, Nj i0 = 1. 


Fig. 2.1. Mass balance line for CO. 
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2.3. Effect of changing feed composition on the mass balance region 

We now need to answer the question: how does changing the 
feed composition affect the operating region as defined by the 
mass balance? We can answer this question by looking at what 
happens when we plot Eqs. (28)-(31), using different feed compo¬ 
sitions. We must however have appreciation for the fact that the 
only thing that we can change in the feed in terms of species is 
the amount of steam and the amount of oxygen that is fed into 
the gasifier, we cannot change the CO and H 2 as these are gasifier 
products and thus typically beyond our control. 

2.3. 1. Changing the amount of steam 

We now take a closer look at what happens to our mass balance 
region as we vary the feed composition. If we keep the amount of 
oxygen that is fed into the gasifier constant, at say 0.5 mol and we 
increase the amount of steam that is fed in; our mass balance plot 
looks like Fig. 2.3 in the £1-62 space. 

We can conclude from looking at Fig. 2.3 that increasing the 
amount of steam that is fed into the gasifier expands the possible 
region of operation for the gasifier. 

This would then suggest that if one wants to increase either E\ 
(the amount of gasification) or e 2 (the amount of WGS) all that 
needs to be done is to increase the amount of water fed into the 
gasifier: this does however have its own limitations and we will 
discuss this later. 

2.3.2. Changing the amount of oxygen 

We now take a look at what impact that changing the amount of 
oxygen has on the operating region. We explore this by looking at 
what happens if we as an example we increase the amount of oxy¬ 
gen fed into the gasifier from 0.5 mol to 1 mol and we plotted this 
on Fig. 2.4. 

We can clearly see from Fig. 2.4 that increasing the amount of 
steam fed into the gasifier also has the effect of increasing the pos¬ 
sible area of operation, although it expands the region in a different 
way, and this also has opportunities and drawbacks and we will 
discuss this further when we look at energy balance issues. 

Looking at Sections 2.3.1 and 2.3.2, we can surmise that the 
mass balance tells us that in order to maximise our possible mass 
balance region of gasification, we should maximise the amount of 
steam and oxygen that is fed into the gasifier. We will next con¬ 
sider how the energy balance limits the set of achievable extents 
of reaction. 

3. Energy and work balance 

As we have seen in Section 2, the mass balance tells us of the 
possible region of gasification but in order to get a more complete 



ng amount of feed water. 



picture, we also need to consider the energy and work balance, 
Patel et al. [1], 

By doing this we wish to establish whether the gasification 
reactions are mass, energy or work limited. 

We will consider the following cases: 

(i) AH = 0 (with T in = T out @ 298 K) 

(ii) AG = 0 (with T in = T out @ 298 K) 

(iii) AH=Q 


This is the highly idealised case where the gasifier is adiabatic 
and the inlet and outlet temperatures are the same. Hence this is 
the situation where the gasifier is assumed to have no heat loses 
and the heat transfer is perfect and indeed this case may be consid¬ 
ered to be the limit of operation of the gasifier. We can set up the 
energy balance based on the mass balances and extents of reaction 
as set out in Section 2 and solving this, we get Eq. (3.1) set out 
below: 


N° 02 (H fc + % 2 - H /c02 ) + fit (H* - H /co - % 2 + % 20 ) 

+ 6 2 (H /co + H /h20 - H fc02 - H fH2 ) = 0 (3.1) 

where H fi is the standard enthalpy of formation of species i. 

The standard enthalpy of formation of component i can be ex¬ 
pressed as: 

Hfl = a + bT + cT 2 (3.2) 


where a, b and c are constants that can be found from literature and 
T is the reference temperature of 298 K. 

Eq. (3.1) can then be simplified to: 


£2 


-~Sl 


AfW 

AfWs 


N C o 2 *AH comb 

•AfW, 


(3.3) 


where 


AH ran2 = H fcn — H fu 

AH nat3 = H fc02 -Hf -H fco 

AH comb = % 02 ... the heat of combustion 

We can now plot Eq. (3.3) as shown in Fig. 3.1 to understand 
how the energy balance constrains the mass balance region. 

We can clearly see from Eq. (3.3) that plotting the energy bal¬ 
ance yields a straight line in the Bi-e 2 space with a fixed slope. 
Changing the amount of oxygen fed to the gasifier shifts the 
intercept of the line as shown in Fig. 3.1. Depending on the value 
of the AH^yh! AH rxn j ratio the slope of the line may be positive 


Fig. 2.3. Changir 
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Fig. 3.1. Plot of adiabatic energy balance lines for varying quantities of n£ 2 . 


or negative but as it turns out in our case, the slope of the line is 
positive as can be seen on Fig. 3.1. 

We have plotted the energy balance lines at different amounts 
of oxygen fed into the gasifier, to show how the intercept changes 
and how this affects decisions on the amount of oxygen fed into a 
gasifier in order to minimise the energy rejected by the gasifier. 

3.2. AG = 0 

Similar to the AH = 0 case, this is also a highly idealised case 
where the temperature of the exit and incoming gases are assumed 
to be ambient. In this case however, we are looking at the situation 
where the chemical potential of the feed material is the same as 
that of the product. This is effectively looking at the situations 
where we gasify reversibly, and again may be considered to be a 
limit of operation. We may need to add or reject heat from the gas¬ 
ifier in order to achieve this limit. 

We can set up the Gibbs free energy balance in the same man¬ 
ner as the enthalpy equations and this results in Eq. (3.4) below: 

K 2 (C fc + G /02 - C /c02 ) + Sj(G/ c - Gf co - C fH2 + C /H20 ) 

+ £ 2( G /co + G /h 2 o “ G /co 2 “ G /h 2 ) = 0 ( 3 - 4 ) 

where N° h = initial number of moles of oxygen/C0 2 fed into the 
gasifier. 

G fi = Gibbs free energy of formation of species i. 

The standard Gibbs free energy of formation of component i can 
be expressed as: 

Gfi = a+bT + cT 2 (3.5) 

where a, b and c are constants that can be found from literature 
and T is the reference temperature of 298 K. 

Eq. (3.4) can then be simplified to: 


We can now plot Eq. (3.6) to understand how the Gibbs free en¬ 
ergy constraint limits the set of achievable extents. Similarly to the 
previous case for enthalpy, we can clearly see from Eq. (3.6) that 
plotting the Gibbs free energy yields a straight line in the £!-£ 2 
space with a fixed slope. 

Again the amount of oxygen fed to the gasifier changes the 
intercept and hence effectively shifts the line up and down as 
shown in Fig. 3.2. Depending on the value of the AG rxn 2/GH rxn3 ra¬ 
tio the slope of the line may be positive or negative but as it turns 
out in our case, the slope of the line is positive as can be seen on 
Fig. 3.2. 

Operating points on the left of the Gibbs free energy constraint 
would either be irreversible or conversely work could be recovered 
from the gasifier. Conversely, operating points on the right hand 
side of the line would require work to be added in order to be fea¬ 
sible, this work could be added in many ways for example by heat 
or by combusting more coal. 

From Fig. 3.2, we can also conclude that gasification is energy 
and not work limited. This means that in operating the gasifier, 
we will always operate irreversibly and that work is poten¬ 
tially lost in the form of heat and can be recovered from the 
gasifier. This also means that the extent of gasification is limited 
by the change in enthalpy between the reactants and the 
products. 

3.3. AH = Q 

This case is exactly the same as that in Section 3.1 but the only 
difference is that we assume that there will be heat losses into the 
surroundings as shown on Fig. 3.3 below, or equivalently that the 
product gases do not leave the gasifier at ambient conditions. 

We can see on Fig. 3.3 that energy in the form of heat needs to 
be added to the system in order to increase the possible area of 
gasification. 


£2 


o AC rxn2 N C o 2 * AG C o 2 
" £l AG~^ AG~| 


(3-6) 3.4. Combining the mass and energy balances 


where 


AG m2 = Gf co - G hi0 

AGjxn'j = G/ c02 — Gf H 0 — C /ro 


As stated earlier, we also want to know if gasification is mass, 
energy or work limited and we can see on Fig. 3.4 that when we 
superimpose the mass, energy and work balance plots, gasification 
is clearly energy limited. 
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Fig. 3.2. The operating line for a reversible gasifier; that is a gasifier where the change in Gibbs free energy is zero. 



Fig. 3.3. Energy balance when AH = Q. 


Fig. 3.4 tells us that: 

(i) We can achieve gasification in the ‘blue’ area as it satisfies 
both the mass and energy balance and hence the work 
balance. 

(ii) We cannot reach the ‘green’ area as gasification here is 
energy balance limited. 

(iii) The closer we operate to the energy balance line the more 
of the potential energy is stored chemically in the syngas 
and the lower the exit temperature of the outlet 
gas. Hence it would typically be more desirable to operate 
as close to the energy balance constraint to ensure that 
the product gas from the gasifier has as much of the 
chemical potential that was present in the feed stream 
as possible, and hence that the gasifier is a reversible as 
possible. 


(iv) A gasifier with an output in the ‘pink’ region would reject a 
lot of energy and this means that the product would be 
rejected at high temperature and this is not optimal. 

(v) The further the output is away from the energy balance, the 
higher the product temperature or the higher the heat losses 

(vi) We would also need more heat recovery as there is a need to 
recover all the heat so that the exit stream from the gasifier 
is at the same temperature as the inlet stream. 

(vii) If we for once assume that the point where the energy bal¬ 
ance line meets e, = e 2 (maximum amount of hydrogen) is 
a solution to say when Nq 2 =0.10 on the energy balance, 
we can draw the conclusion that for the chosen oxygen 
amount of 0.25 mol, 0.10 mol was usefully used for gasifica¬ 
tion and 0.15 mol ‘lost’ either as heat or through high tem¬ 
perature of the product. 








































L Ngubevana et al./Energy Conversion and Management 52 (2071) 547-563 


553 



Fig. 3.4. Combination of the mass and energy balance for a feed of = 0.25, = 1. 


4. Chemical equilibrium 


We have explored the mass, energy and work balances, and 
now we would like to look at the thermodynamics of the reactions. 
In this way we will look at how equilibrium in the gasifier further 
limits the region of operation. 

For the reaction: 


It is known that the equilibrium constant K for any ideal gas- 
phase reaction, can be expressed as follows: 

K jm (4i) 


Where the quantity in the square brackets is the partial pressure of 
each species. The partial pressures can also be replaced by: 

[C] = x c P/F (4.2) 

where x c is the mole fraction of component C, P* is the atmospheric 
pressure in bar and P is the system total pressure also in bar. 

The mole fractions can then be replaced by the number of moles 
of each species as expressed in the mass balance in Section 2.2. We 
can also calculate the equilibrium constant at any temperature T 
with help of the van’t Hoff equation: 

dlniT AfCCO 

dr “ kt 2 [ ’ 


Using the above two equations we can derive an expression for 
the equilibrium constant in terms of the reaction extents as set out 
in Section 2.2 and this leaves us with: 


We can now plot the equilibrium curve for the water gas shift 
reaction (WGS) in the ei-e 2 space using Eq. (4.4) and this can be 
simplified to Eq. (4.5) below: 

(1 - K) * e 2 + (< 02 + K 2 o * K + £i) * £2 + (£? * K + Et 

*(<o 2 -K)) = 0 (4.5) 

This simple quadratic can then be solved numerically. The equi¬ 
librium constant K, can be computed using Eq. (4.3). 

Fig. 4.1 is a plot of the WGS in the 61-62 space and it can be seen 
on Fig. 4.1 that the WGS reaction is bound by the N co = 0 and the 
Nh 2 o = 0 mass balance lines. The curve shown in Fig. 4.1 initially 
follows the Nqo = zero line and end along the N Hl0 = zero line. Thus 
if we assumed that the gasifier was isothermal at 1200 K and that 
the gas as it flows through the gasifier quickly gets to WGS equilib¬ 
rium and thereafter stays in equilibrium, the composition in the 
gasifier then would roughly follow the curve shown in Fig. 4.1. 
Temperature would have the effect of moving this curve, and we 
will look at this later. 

4.2. Methane producing reactions 

Another reaction that typically is close to equilibrium in the 
reactor is that of methane production. If we assume that the extent 
of methane formation is not too large so that the production of 
methane does not really affect the mass balance as described by 
Eqs. (2.1)—(2.5), we can then in a similar way to the WGS equilib¬ 
rium, plot the methane equilibria on the £i -£ 2 diagram. We can 
consider two methane producing reactions, as described by 
equations 


e 2 =f(s u P,P\K(T)) (ii) 

We can then plot the above equation for different values of P, T, etc. 
to determine the set of extents that satisfy the reaction equilibria 
will look like in the ei-e 2 space. 


C0 + 3H 2 = CH 4 + H 2 0 (4.6) 

C0 2 + 4H 2 = CH 4 + 2H 2 0 (4.7) 

We will set the amount of methane in the gas to be constant at 
5% and we can then solve the equilibrium expressions given below: 


4.1. Water-gas shift reaction 

The equilibrium constant expression for the water gas shift 
reaction can be expressed as follows: 

y PMHZ] 

K - [C0] [H 2 0] 


[CH 4 ][H 2 0] 

(4.8) 

[CO][H 2 ] 3 

[CH 4 ][H 2 0] 2 

(4.9) 

[C0 2 ][H 2 ] 4 

Eq. (4.8) then simplifies to: 



(4.4) 
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~2 * K * (£i — £2) * (*>1 + *> 2) 3 

= (<0 - £i - £2) * n 4 ^y* (<o + £1 - £2) 

* [(1 _ x ) * (^fyo + £1 “ £2) + (^h 2 o + £1 - £2)] 

and Eq. (4.9) simplifies to: 

^*K*(N° C02 + e 2 )*(e 1 + e 2 ) 4 

^( NS 20 - ei - £2 )%^(< 20 + N « C02+£2 ) 

* [(T^) * Ko + W°co 2 + £2) + (< 2 o + N°co 2 + £2 )] 2 

where x is the molar fraction of CH 4 . For this illustration, this was 
fixed at 5% as it is known that in practice, the amount of methane 
produced in this process is relatively small. The molar flow rate of 
oxygen to the gasifier JV^ 2 was fixed at 0.25 mol and JV^ 20 = 1 for this 
illustration. 

Fig. 4.2 presents the solution to the equations at a pressure of 
30 bar and temperature of 1200 K. 

The two reactions intersect each other and the WGS reaction at 
the same point and this is the expected result. The intersection of 
these equations indicates that the species involved in the three 
reactions are in equilibrium and that the reactions in the gasifier 
roughly follow the path of the WGS reaction as assumed earlier. 

This can also be seen as further proof that the equilibria solu¬ 
tions are indeed correct, because if one was to take the sum of 
the two reactions they would sum up to give the WGS reaction. 

The solutions to the equations also exhibit expected behaviour 
in that the solution to Eq. (4.6) intersects the N co and N H20 = 0 mass 
balance lines and also the solution to Eq. (4.7) intersects the N c o 2 
and Nh 2 o = 0 mass balance lines. For reaction equilibrium to be 
true, if one of the species on the left hand side of the equation 
(feed) is zero, then one of the species on the right hand side of 
the equation (products) must be zero. 

Different amounts of methane and different temperatures will 
be explored in later sections. 


4.3. Carbon depositing reactions 

Various reactions which deposit carbon could be considered to 
occur. Again as long as the extents of these are small, these reac¬ 
tions will not have a large influence on the mass balance region 


and hence these equilibria could also be plotted on the s 
The respective equilibrium constants can be expressed a: 

.-..plot 

K ICO] [Ha] 

[H2O] 

(4.10) 

k= [C °4 
[COf 

(4.11) 

[H 2 0] 

mm 

(4.12) 

K [H 2 0] 2 

[C0 2 ][H 2 ] 2 

(4.13) 

These simplify to the following: 


y*K* (K 2 o - £1 - £2) * K 2 o + St - £2) = (£ 2 - £ 2 ) 



£ * K * (£1 - s 2 f - (< 02 + fi 2 ) * (< 02 + £l ) 

^*K*(tZ-£l) = (N° H20 -St- fi 2 ) * (< 20 + St - £2) 

^*K* ( N° C02 + fi 2 ) * (e, + fi 2 ) 2 = « 2 o - £1 - £2) * K 2 o + N°co 2 
+ £2) 2 

These were also solved numerically and the solutions plotted in 
Fig. 4.3. The results on Fig. 4.3 can be interpreted as follows: 

(i) The region between the N^ 0 = zero mass balance line and 
the equilibrium reaction 4.10 is the area where carbon 
would start depositing in the gasifier as a result of this 
reaction. 
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Fig. 4.3. Carbon depositing reactions at 1200 K and 30 bar. 


(ii) The region between the N^ 20 = zero mass balance line and 
the equilibrium reaction 4.12 is the area where carbon 
would start depositing in the gasifier as a result of the occur¬ 
rence of this equilibrium. 

(iii) The region between the N^ 0 = zero mass balance line and 
the equilibrium reaction 4.11 is the area where carbon 
would start depositing in the gasifier due to the presence 
of this equilibrium reaction. 

The implications of the presence of these areas on gasifier oper¬ 
ations is that one needs to be aware of and operate the gasifier un¬ 
der conditions that will either suppress or minimise the occurrence 
of these equilibria in the form that they are written. 

The effects of feed composition, gasifier temperature and pres¬ 
sure, on the reaction equilibria will be discussed in sections to 
follow. 


4.4. Effect of temperature on the equilibria 

A variation in temperature has a varied effect on the reactions 
depending on their respective enthalpies of formation and hence 
their equilibrium constants. Figs. 4.4-4.8 show how changes in 
temperature affect the various equilibria. 

4.4.1. Water gas shift reaction 

It is evident from Fig. 4.4 that temperature has a significant ef¬ 
fect on the WGS reaction. The reaction is exothermic and therefore 
an increase in temperature by Le Chatellier’s principle drives the 
reverse reaction. 

This implies that more CO and H 2 0 are formed, at the cost of 
C0 2 and H 2 formation and this can be clearly seen in Fig. 4.4, as 
e 2 decreases with an increase in temperature at any chosen ei 
value. 
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Fig. 4.4. Effect of temperature on WGS and methanation reaction 1. 



Fig. 4.5. Effect of temperature on WGS and methanation reaction 2. 


Fig. 4.4 also suggests that the area where gasification is possible 
is largest at lower temperatures. For this reaction, the profile is a 
strong function of temperature as it has a relatively low, negative 
Gibbs’ energy of formation and thus a relatively low equilibrium 
constant. This implies that when operating the gasifier one needs 
to monitor and control changes in temperature quite carefully as 
small changes in temperature can shift the WGS equilibrium in 
the opposite direction. 

4.4.2. Methane producing reactions 

It can be seen on Figs. 4.4 and 4.5 that the methane reactions 
respond quite profoundly to temperature changes. The reactions 
are exothermic and therefore an increase in temperature reduces 
the amount of water and methane formed; and this then suggests 
that to avoid producing “a lot” of methane, one has to run gasifica¬ 
tion at high temperatures. This agrees with how things are done in 
practice. 

Deciding which one of the two reactions is responsible for pro¬ 
ducing CH 4 , one would have to analyse where the product lies in 


the Ei-s 2 space; depending on the amount of CO and C0 2 , either 
one of these two reactions could be producing the CFI4. 

4.4.3. Carbon depositing reactions 

Figs. 4.6-4.8 show that these reactions are affected by temper¬ 
ature significantly. 

Figs. 4.6-4.8 suggest that to minimise the area where carbon is 
deposited, high temperatures are desired. 

In conclusion; Figs. 4.4-4.8 suggest that gasification should be 
run at high temperatures, to minimise carbon deposition and 
methane production. This seems to agree with industry practices. 

4.5. Effect of pressure on the equilibria 

4.5.1. Methanation reactions 

Changes in pressure will affect the position of the reaction equi¬ 
librium. It can be seen on Fig. 18 below that at the chosen process 
temperature of 1200 K variations in pressure clearly have little ef¬ 
fect on these reactions. 
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Fig. 4.6. Effect of temperature on carbon depositing reaction 1. 



Fig. 4.7. Effect of temperature on carbon depositing reaction 2. 


But it can also be seen on Fig. 4.9 that at lower temperatures, 
pressure has more of an effect on the reactions. 

It can also be seen on Fig. 4.9 that an increase in pressure for 
both reactions produces more water and methane and this is not 
desirable. 

A conclusion that can be drawn from the analysis of Figs. 4.4 
and 4.9 is that low pressures and high temperatures are desirable 
to produce minimal methane. 

But this has the adverse effect of driving the WGS reaction in 
the reverse direction. The decision one would have make then is 
how high the operating temperature can be without too much 
compromise on the WGS reaction. 

We can again see that this agrees with current gasifier practice. 

4.5.2. Carbon depositing reactions 

Once again at the chosen process temperature (1200 K) Fig. 4.10 
suggests that for these reactions; pressure does not have a signifi¬ 


cant effect on the possible gasification region. The one reaction that 
seems to be most affected is reaction (iv). 

It can be seen on Fig. 4.10 that an increase in pressure slightly 
increases the region of carbon deposition and this is expected as 
for reaction (iv) if we have a look at the number of moles involved 
in the reaction; 2 mol of CO react to form 1 mol of C0 2 and this 
means that an increase in pressure should force the reaction to 
the right. 


4.6. Feed composition variation 
4.6.1. Effect of oxygen on WGS 

We would now like to have a look at and try to understand how 
variations in the feed composition will affect our equilibrium posi¬ 
tions. We start by looking at how changes in the amount of oxygen 
in the feed affect the water gas shift reaction: 
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Fig. 4.8. Effect of Temperature on carbon depositing reaction 3. 



Fig. 4.9. Pressure effects on the methanation reactions. 



Fig. 4.10. Pressure effect i 
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Fig. 4.12. Effect of varying oxygen in the feed, on the methanation reactions. 



varying oxygen in the feed, on 


Fig. 4.13. Effect of' 
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co + h 2 o = co 2 + h 2 

In Section 2 we stated that the number of moles of oxygen fed 
into the gasifier can be assumed to be: = N„ 2 . 

When we look at the number of moles of C0 2 involved in the 
above reaction, we can expect from Le Chatellier’s principle that 
an increase in the amount of C0 2 will shift the reaction to the left 
and hence lead to the production of more H 2 0 and CO. 

Fig. 4.11 shows a plot of how the WGS reaction shifts when 
the amount of oxygen fed into the gasifier is changed. We can 
see on Fig. 20 that an increase in the number of moles of oxygen 
does indeed lead to the production of more CO and H 2 0 as 
expected. 


4.6.2. Effect of oxygen on the methanation reactions 

When we look at the Methanation reactions, we see that only 
one of them has any oxygen (C0 2 ) involved and hence of these 
two it is the only one that would be affected by changes in oxygen 
feed. 

C0 2 + 4H 2 = CH 4 + 2H 2 0 

We can now expect that if we increase the number of moles of 
oxygen in the feed, then the equilibrium would shift to the right 
and more H 2 0 and CH 4 would be produced. 

Fig. 4.12 presents a picture of what happens when we vary the 
amount of oxygen in the feed. 



Fig. 4.14. Effect of varying oxygen in the feed on the second reaction. 



Fig. 4.15. Effect of i 


: of steam in the 1 


: WGSi 
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We see on Fig. 4.12 that an increase in the amount of oxygen in 
the feed leads to an increase in the amount of H 2 0 produced as 
expected. 


4.63. Effect of oxygen on the carbon producing reactions 

The two reactions that could possibly lead to carbon formation 


2CO = C + C0 2 
C0 2 + 2H 2 = C + 2H 2 0 

It is expected that an increase in the amount of oxygen in the 
feed will result in the equilibrium of the first reaction shifting to 
the left and more CO being produced. 


We also expect that an increase in oxygen will shift the equilib¬ 
rium of the second reaction to the right and hence more H 2 0 and 
carbon will be produced. 

Fig. 4.13 presents variations in the feed oxygen to the first reac¬ 
tion above and we can clearly see that an increase in oxygen in¬ 
creases the amount of CO formed. 

Fig. 4.14 is a representation of variations in the feed oxygen and 
how these affect the equilibrium of the second reaction. We can 
clearly see on Fig. 4.14 that an increase in the feed oxygen results 
in the amount of steam formed and hence carbon deposition 
increasing as expected. 

4.6.4. Effect of steam on WGS 

As one of our feed components to the process we expect that 
variations in the amount of steam fed into the gasifier will have 
an impact on the position of the equilibria. 





Fig. 4.16. Effect of feed steam variation on the first reaction. 





Fig. 4.17. Effect of i 


on the second 
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We can expect that increases in the amount of steam will result 
in the amount of H 2 and C0 2 formed increasing. Fig. 4.15 is a plot of 
these variations. 

Fig. 4.15 shows that an increase in the amount of feed steam 
shifts the equilibrium of the WGS reaction to the right and results 
in more C0 2 and H 2 being formed (the curve shifts in the direction 
of increasing £1 and e 2 ), as expected. 

4.6.5. Effect of Steam on the Methanation reactions 

If we look at the two reactions that could produce methane, we 
can expect that an increase in the feed steam will shift both equi¬ 
libria to the left and these reactions will produce more H 2 , CO and 
C0 2 . 


C0 + 3H 2 = CH 4 + H 2 0 
C0 2 + 4H 2 = CH 4 + 2H 2 0 

Figs. 4.16 and 4.17 show the effect of varying the amount of 
steam fed into the gasifier will have on the above reactions. 

We can clearly see as expected, that in both cases, an increase in 
the amount of steam in the feed results in more H 2 being formed, 
also the formation of more CO and C0 2 respectively. 


4.6.6. Effect of steam on the carbon producing reactions 

Of these reactions, only those that have H 2 0 will be affected by 
any changes in the amount of feed steam. 





Fig. 4.18. Effect of varying steam in feed, on the first reaction. 



Fig. 4.19. Effect of varying : 


in feed, on second 
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Fig. 4.20. Varying amounts of CH 4 . 


CO + h 2 = c + h 2 o 

C0 2 + 2H 2 = C + 2H 2 0 

We expect when looking at the first reaction that an increase in 
the amount of feed steam will result in the equilibrium shifting to 
the left and thus resulting in more CO and H 2 being formed. 

We see when we look at Fig. 4.18 that an increase in feed oxy¬ 
gen does indeed result in more CO and H 2 being formed, as the 
curve shifts in the direction of increasing and e 2 . 

We expect when looking at the second reaction that an increase 
in the amount of feed steam will result in the equilibrium shifting 
to the left and thus resulting in more C0 2 and H 2 being formed. 

We see when we look at Fig. 4.19 that an increase in feed oxy¬ 
gen does indeed result in more C0 2 and H 2 being formed, as the 
curve shifts in the direction of increasing and e 2 . 


4.6.7. Effect of methane on the overall picture 

There is one question we have not yet answered and that is; 
what effect does the amount of methane produced in the system 
have on our picture? 

To answer this, we look at the methane producing reactions. We 
choose varying amounts of methane, solve Eqs. (4.8) and 4.9 as 
explained earlier, and then we plot the solution to these on 
Fig. 4.20. 

We can see on Fig. 4.20 that an increase in the amount of meth¬ 
ane produced shifts the reactions to the left, thus increasing the 
amount of CO, H 2 and C0 2 produced. 

This is an expected result as a new equilibrium point needs to 
be established. As we stated earlier, the amount of methane chosen 
was varied between 1% and 5% and this is because it is generally 
accepted in industry that the amount of methane produced does 
not normally go higher than 5%. 


5. Conclusions 

Based on the results shown in this paper the following conclu¬ 
sions can be reached: 


The use of graphical methods to asses and predict gasification is 
a viable and definitely the most economical way of investigat¬ 
ing gasification. 

We have established that the extent to which the gasification 
reactions occur, is limited by the mass and energy balance on 
the reactants and not the work balance. 

It has been established that the gasification reactions occur in a 
region and not a specific point. 

The optimum operating conditions (and hence operating 
region) for gasification may be different depending on the 
downstream process requirements. 
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